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Introduction
Peripheral artery disease (PAD) is a prevalent disorder that is caused by atherosclerosis of the arteries of the lower extremity. A common manifestation of PAD is intermittent claudication (IC) which is defined as leg pain that worsens with exertion and improves with rest. 1 IC is associated with poor functional capacity and a diminished quality of life. 2, 3 Patients with PAD are also at a significantly elevated risk of morbidity and mortality when compared with similar patients without PAD. 1 With the exception of supervised exercise training (SET), few treatment options have been shown to improve functional capacity in patients with IC. SET has a class IA recommendation in the ACC/AHA guidelines, largely due to the significant improvements in treadmill walking distance and time which typically result. 1 Our group has recently published a report on the role of the microvasculature in patients with PAD, suggesting that the number of capillaries per mm 2 in skeletal muscle is an important contributor to overall functional performance in patients with IC. 4 Vasculogenesis, or the growth of new blood vessels, 5, 6 occurs with exercise training in healthy adults, [7] [8] [9] and we recently showed that an increase in capillary supply in ischemic gastrocnemius skeletal muscle occurred prior to Alteration in angiogenic and anti-angiogenic forms of vascular endothelial growth factor-A in skeletal muscle of patients with intermittent claudication following exercise training improvement in peak oxygen consumption (VO 2 ) in patients with IC treated with SET. 10 Vascular endothelial growth factor (VEGF) is perhaps the best known and most extensively studied angiogenic growth factor. In exercise studies of animals and healthy adults, a temporal association exists between increases in VEGF and the number of capillaries and thus VEGF has been implicated as important to exercise-induced skeletal muscle angiogenesis. 8, [11] [12] [13] VEGF, also known as VEGF-A in humans, exists in four major splice variants of 121, 165, 189, and 206 amino acids. In addition, splice variants with a small amino acid change in the 8th exon produce an inhibitory splice variant termed VEGF 165 b. 14 VEGF-A is thought to interact in a complex way with membrane-bound receptors (VEGF-R1 and VEGF-R2) as well as with a soluble splice variant of VEGF-R1, identified as sVEGF-R1. While VEGF-A binds to and activates the membrane-bound VEGF receptors, thus leading to angiogenesis in human cancers and other disease states, VEGF 165 b inhibits VEGF receptor activation but its role in human conditions has been largely unstudied. 15 Recently, a study of patients with systemic sclerosis has documented that while total VEGF 165 was elevated in the skin of these patients, the increase was actually in VEGF 165 b and it was a mechanism for defective angiogenesis and vascular repair in this patient population. 15, 16 To date, no published human study has investigated protein concentrations of the pro-angiogenic form (VEGF-A), anti-angiogenic form (VEGF 165 b), and VEGF receptors in the skeletal muscle of patients with IC and the changes in these levels with long-term exercise training in this population.
The aims of the present report were twofold: (1) to compare the skeletal muscle concentration of VEGF-A, VEGF 165 b and VEGF receptor 1 (VEGF-R1) in patients with IC when compared with control patients, and (2) to evaluate whether skeletal muscle VEGF-A, VEGF 165 b and VEGF-R1 concentrations change with exercise training in patients with IC.
Methods
The patient population, inclusion/exclusion criteria, baseline testing, exercise testing, skeletal muscle biopsy, and skeletal muscle immunohistochemical analysis have been previously described. 4, 10, 17 At baseline, all patients with PAD and control patients underwent similar testing protocols. Patients with PAD were then randomly assigned to supervised exercise training (SET) or home exercise training (HET). All subjects were informed of testing protocols and the potential risks and benefits of participation. Each subject provided written informed consent before enrollment in the study. The Institutional Review Boards at Duke University and the University of Colorado approved the research protocols.
Exercise training
PAD subjects randomized to SET came to medically supervised sessions three times a week until 36 sessions were completed. No subject exceeded 16 weeks to complete the 36 sessions. All subjects exercised on a treadmill at the workload that claudication onset was documented from the baseline cardiopulmonary exercise (CPX) test. Subjects were asked to exercise to near maximal pain utilizing a standardized claudication scale, at which time the subject stepped off the treadmill and rested until claudication pain subsided. Exercise and rest cycles were repeated during each exercise training session until the accumulation of 30-40 minutes of exercise was completed, referring to the actual time walked not including rest breaks. After a subject was able to walk for 8-10 minutes at their initial workload, speed and elevation were increased to elicit claudication again. To provide optimal medical care for subjects not randomized to supervised exercise, subjects in the home exercise group were given identical exercise instructions as the supervised group; however, they were asked to perform the exercise training on their own at home with an exercise prescription following the ACC/AHA guideline recommendation for PAD exercise training (Class I level of evidence A) at the time of the study according to current recommendations. All exercise training for both supervised and home groups were recorded for number of sessions per week and minutes per sessions.
Skeletal muscle analysis
Skeletal muscle samples were snap frozen in liquid nitrogen at the time of biopsy and stored at -80°C. Frozen tissue was homogenized in 2 ml of RIPA lysis buffer (Santa Cruz Biotechnologies) and protein and RNA were extracted at this time. The suspension was centrifuged twice at 8000 g at 4°C for 10 minutes and the protein content of the supernatant was determined by Bio-Rad D c assay.
VEGF concentrations in skeletal muscle lysates were measured by a sandwich enzyme ELISA (R&D Systems) according to the manufacturer's instruction and the standard curve was made by serial dilution of recombinant human VEGF from 500 pg/ml to 7.8 pg/ml. This kit was designed to detect both VEGF 165 a and VEGF 165 b. A similar sandwich ELISA was used to measure the concentrations of VEGF-R1 in skeletal muscle lysates (R&D Systems) using a monoclonal antibody specific to human VEGF-R1 and a standard curve that was made by serial dilution of recombinant human VEGF-R1. VEGF 165 b was also measured using a Duoset sandwich ELISA (R&D Systems), which is highly specific for VEGF 165 b and the assay was completed according to the manufacturer's instructions.
Statistical analysis
Differences in categorical variables between control and PAD subjects were determined by chi square analysis. Baseline differences in skeletal muscle measurements between groups for continuous variables were determined by an ANOVA controlling for age and sex. This experiment was designed to compare three time points during exercise training in the PAD subjects: 0 weeks, 3 weeks and 12 weeks. Therefore, a repeated measures analysis was used with post hoc testing. Changes in the number of capillaries per fiber and capillaries per mm 2 in skeletal muscle, VEGF-A levels, VEGF 165 b levels, VEGF-R1 levels and peak VO 2 following SET were analyzed. A paired t-test was performed to determine differences in VEGF-A in the IC patients undergoing HET at baseline and after 12 weeks. Bivariate correlations were calculated to determine the relationships between VEGF-A and the number of capillaries per fiber and capillaries per mm 2 in patients undergoing SET. Tabular data are presented as means ± SD. A p-value of < 0.05 was considered significant for all tests.
Results

Patient population
The baseline demographic and clinical characteristics of the PAD and control patients are summarized in Table 1 . PAD patients were older, more likely to be male, and had lower ankle-brachial index (ABI) measurements at enrollment. Twenty-two PAD subjects were studied at baseline and 12 completed SET with available VEGF-A measures at each time point. Ten PAD subjects were studied at baseline and after 12 weeks of HET.
Differences in skeletal muscle VEGF levels among PAD and control subjects at baseline
Prior to exercise training, PAD and control subjects had similar skeletal muscle VEGF-A concentrations and VEGF 165 b concentrations ( Table 2) . PAD patients did have significantly lower skeletal muscle VEGF-R1 concentrations when compared with controls ( Table 2 ). Similar to our previous reports in this patient population, patients with IC had significantly fewer capillaries per mm 2 , significantly fewer capillaries per fiber, and significantly lower peak VO 2 when compared with control subjects. 4 There was no effect of age or sex by ANCOVA when comparing functional measures, capillaries/mm 2 , capillaries/fiber, VEGF-A, VEGF 165 b, or VEGF-R1 concentrations among PAD and control patients. Figure 1 shows the temporal changes in VEGF-A and VEGF 165 b in PAD patients who completed 12 weeks of SET. There was a statistically significant decrease in skeletal muscle VEGF-A concentrations after 3 weeks (mean pg VEGF-A/mg protein ± SD; baseline: 137.8 ± 93.5 vs 3 weeks: 75.1 ± 47.5, p < 0.05) and this concentration remained significantly lower after 12 weeks (mean pg VEGF-A/mg protein ± SD; baseline: 137.8 ± 93.5 vs 12 weeks: 79.0 ± 53.0, p < 0.05). Because the assay for VEGF-A measures both the pro-angiogenic and the antiangiogenic form of VEGF 165 , we sought to determine if the decrease in total VEGF 165 was due to a decrease in the inhibitory form, but this was not the case. PAD patients undergoing SET had a non-significant increase in skeletal muscle VEGF 165 b levels after 3 weeks (mean pg VEGF 165 b/ mg protein ± SD; baseline: 1835.2 ± 421.1 vs 3 weeks: 2759.0 ± 1572.0, p = 0.34) and 12 weeks (mean pg VEGF 165 b/mg protein ± SD; baseline: 1835.2 ± 421.1 vs 12 weeks: 3076.1 ± 889.6, p = 0.15). There was no change from baseline in skeletal muscle VEGF-R1 concentrations after supervised exercise training. *p < 0.05 between control and PAD patients. PAD, peripheral artery disease; peak VO 2 , peak oxygen consumption; pg, picogram; VEGF, vascular endothelial growth factor; VEGF-R1, vascular endothelial growth factor receptor 1.
Changes in skeletal muscle VEGF levels after SET in patients with IC
Changes in skeletal muscle VEGF levels after HET in patients with IC
In PAD patients who completed 12 weeks of HET, there was no observed decrease in skeletal muscle VEGF-A concentrations after 12 weeks (baseline: 97.2 ± 45.3 vs 12 weeks: 91.8 ± 44.3, p = 0.79).
Relationship between VEGF-A concentrations and the number of capillaries per fiber and capillaries per mm 2 in the skeletal muscle of patients with IC after 12 weeks of SET
In the patients with IC who completed 12 weeks of SET, the number of capillaries per mm 2 increased after 3 weeks and remained significantly higher after 12 weeks ( Figure 2 ). Peak VO 2 did not change after 3 weeks (ml/kg/m 2 ± SD; baseline: 15.9 ± 3.2 vs 3 weeks: 15.5 ± 3.7, p = 0.41) but increased significantly after 12 weeks of SET (ml/kg/m 2 ± SD; baseline: 15.9 ± 3.2 vs 12 weeks: 17.9 ± 3.9, p = 0.001).
In the IC patients who completed SET, there was a strong directionally positive relationship between VEGF-A concentrations and the number of capillaries per fiber (r = 0.737, p = 0.006) and capillaries per mm 2 (r = 0.727, p = 0.007) ( Figure 3 ). These relationships were not observed at baseline (data not shown).
Discussion
The main purpose of our study was to improve our understanding of the skeletal muscle adaptations that occur with SET in patients with IC. VEGF-mediated angiogenesis in peripheral skeletal muscle has been shown to occur in healthy animals and humans and we sought to determine if this occurred in humans with PAD, as no prior study has reported the effects of SET on VEGF-A, VEGF 165 b and VEGF-R1 in patients with IC. Our study has four new and unique findings: (1) skeletal muscle VEGF-A concentrations are similar and VEGF-R1 concentrations are lower in IC patients when compared with controls; (2) skeletal muscle VEGF-A concentrations actually decline in patients with IC after the onset of SET; (3) skeletal muscle levels of VEGF 165 b, a previously poorly defined anti-angiogenic growth factor, are similar in PAD and control subjects and these levels tended to increase in patients with IC after performing SET; and (4) there is a significant positive relationship between skeletal muscle VEGF-A concentrations and the number of capillaries per fiber and capillaries per mm 2 in IC patients after 12 weeks of SET. The finding that VEGF-A did not increase and/or that the inhibitory form of VEGF 165 b failed to decrease following exercise training despite an increase in the number of capillaries is quite unexpected. When these results are compared with the existing literature on VEGF in patients with and without PAD and how these levels change with exercise training, these data suggest a dysfunctional or impaired VEGF response to exercise in PAD. Most human studies of VEGF levels in skeletal muscle have involved healthy subjects, and changes in VEGF levels have been reported with acute and long-term exercise training. 8, 9, 13, 18 Comparisons among these studies are limited by differences in study population, measurement techniques, type of exercise intervention, site of skeletal muscle biopsies, timing of biopsies in relationship to exercise performance, and the lack of appreciation that VEGF 165 has both a pro-angiogenic and an anti-angiogenic splice variant of the same size that need to be assessed separately. Prior to exercise training, Gavin et al. measured the interstitial concentration of VEGF in vastus lateralis muscle and reported no difference between young and elderly men. 9 In older women, skeletal muscle VEGF-A protein levels were found to be lower when compared with younger women, and these lower VEGF-A levels were associated with a lower capillary supply. 19 Multiple studies have reported an increase in VEGF mRNA and protein levels at different time points after acute bouts of leg extension or aerobic exercise. 9, 13, [18] [19] [20] [21] [22] Two of these studies have described an attenuated VEGF response with long-term exercise when compared with acute exercise, an effect that was hypothesized to be due to skeletal muscle adaptation in the microvasculature and less dependence on VEGF to promote angiogenesis with continued exercise training. 18, 22 There are no data on the differences in skeletal muscle VEGF concentrations in patients with IC when compared with controls; however, reports from patients with a more severe form of PAD, critical limb ischemia (CLI), have been published. In patients with CLI, skeletal muscle VEGF-A expression was similar to control patients in proximal muscle groups (i.e. at the site of amputation in CLI patients); however, VEGF expression was significantly higher in more distal muscle groups (i.e. foot) in CLI patients undergoing amputation when compared with controls. 23, 24 Patients with CLI have muscle ischemia at rest, which may be a sufficient stimulus to change VEGF expression. In addition to this CLI study, reports from IC patients undergoing acute and long-term exercise training have been published. In patients with IC undergoing acute exercise training, one group found that skeletal muscle VEGF protein was similar before and after acute bouts of exercise while significant increases in VEGF mRNA expression were seen. 25 In a study of both acute and long-term exercise training, Wood et al. reported no change in the plasma VEGF protein concentration after a submaximal exercise test or after long-term exercise training. 26 Unfortunately, skeletal muscle samples were not obtained and the authors concluded that 'it would be useful to examine the changes in VEGF and receptor expression, and vascular adaptation within the muscle'. We hypothesized that skeletal muscle VEGF-A levels would be lower in IC patients due to a significantly lower number of capillaries in IC patients when compared with controls. 4 VEGF-A protein concentrations in skeletal muscle were, in fact, similar between IC and control subjects ( Table 2 ). These findings appear to be in line with reports comparing elderly and young subjects. When compared to the literature in CLI patients, our findings differ -likely because CLI is more severe and was an exclusion criterion in our study. Additionally, these CLI studies measured VEGF mRNA levels while we measured VEGF protein levels as these measurements are not always concordant. 27, 28 This study demonstrated that VEGF-R1 was significantly lower in patients with IC when compared with control patients. There are three major VEGF receptors but VEGF-R3's role is limited to lymphangiogenesis. Since VEGF-R2 is the dominant VEGF receptor involved in postnatal angiogenesis, a decrease in VEGF-R1 relative to VEGF-R2 could well be viewed as an adaptive response in an attempt to drive the VEGF ligand to VEGF-R2 to increase angiogenesis. 29 Alternatively, VEGF-R1 may be simply down-regulated in patients with PAD for reasons yet to be resolved. In the only prior report of VEGF-R1 levels in patients with PAD, VEGF-A and VEGF-R2 (but not VEGF-R1) were diffusely expressed in skeletal myocytes in actively ischemic legs of patients with CLI. 30 With exercise training, our patients with IC had an increased number of capillaries per fiber and capillaries per mm 2 but they did not have decreased skeletal muscle VEGF-R1 as a mechanism to promote angiogenesis.
Our finding that VEGF-A declines in patients with IC undergoing SET is certainly unexpected. While it is possible that lower skeletal muscle VEGF-A levels in IC patients after SET occurs because the patients have less muscle ischemia due to the effects of the training, this is unlikely as our IC patients continue to have claudication at higher workloads after SET. To verify that VEGF-A did not decrease over time, we used data from IC patients undergoing standard of care (HET) to determine whether VEGF-A levels decrease with all forms of exercise training, and these patients had no difference in VEGF-A after HET. The fact that VEGF-A did not go up with exercise, as is observed in healthy populations, may provide additional evidence for a skeletal muscle myopathy in patients with IC. Of course we were unable to measure all possible growth factors that may be responsible for the observed angiogenesis response, but we were able to refute a primary hypothesis that VEGF-A increases in PAD patients after SET. Further work is needed to better understand the angiogenic processes in skeletal muscle in PAD.
We also directly measured muscle concentrations of the inhibitory splice variant, VEGF 165 b, with the hypothesis that the decline in VEGF-A (a measurement that includes both VEGF 165 a and VEGF 165 b) would be explained by a decline in VEGF 165 b. This was not the case, and VEGF 165 b levels actually increased with exercise training (Figure 1) . The current data demonstrate that an intervention that leads to improvements in walking measures, peak VO 2 , and number of capillaries is associated with lower, rather than higher, VEGF-A concentrations in the skeletal muscle of patients with IC, and it is interesting to note that this would be contrary to the approach of trying to increase VEGF-A as a therapeutic tool.
Given prior evidence that VEGF-A was temporally linked to changes in the number of capillaries with exercise training in animals and healthy adults, we explored the relationship between VEGF-A and the number of capillaries per fiber and capillaries per mm 2 in our IC patients who completed 12 weeks of SET. We found a strong, statistically significant relationship between VEGF-A and the number of capillaries per fiber and capillaries per mm 2 (Figure 3 ). This was an expected finding, but when taken in the context of lower skeletal muscle VEGF-A levels with exercise training, the strength of this relationship was somewhat surprising. Therefore, the amount of VEGF-A measured following long-term exercise training appears to be related to the number of capillaries, despite the fact that it decreased following exercise training. Further studies will be needed to determine whether VEGF administration can improve the number of capillaries and functional capacity in IC patients undergoing SET.
There are several limitations of this study. First, despite attempts to match the control and IC patients by age and sex in the trial, control patients were younger and more commonly female but, after adjustment, these imbalances had no effect on VEGF measurements in subjects with IC. Second, we had limited amounts of skeletal muscle tissue, and this accounts for the relatively small sample size. Owing to this, we were unable to perform mRNA measurements for comparison with prior skeletal muscle studies, though protein measurements are functionally more important than mRNA measurements. Third, we did not measure the acute effects of exercise with skeletal muscle measurements, and therefore we may have missed changes in VEGF concentrations at various time points after acute bouts of exercise. Last, VEGF expression and function in the human body is a complex process and there is the possibility that unstudied mechanisms, such as sVEGF-R1, could account for some of the variation observed in this study.
In summary, patients with IC have similar levels of skeletal muscle VEGF-A and VEGF 165 b prior to exercise training when compared with control patients. After 12 weeks of supervised exercise training, skeletal muscle VEGF-A levels decline significantly in patients with IC despite an improvement in walking measures, an increase in capillary density and an improvement in peak VO 2 . There was a significant relationship between VEGF-A levels and the number of capillaries per fiber and capillaries per mm 2 after 12 weeks of SET. Skeletal muscle VEGF 165 b levels, which have never been reported in patients with PAD, increased after 3 and 12 weeks of SET. There was no change in skeletal muscle VEGF-R1 levels in IC patients performing SET. The results of the current study support the theory that angiogenesis in humans is a complex process that cannot be fully explained by a single growth factor or family of growth factors. Further investigation into the mechanisms involved in skeletal muscle adaptation to supervised exercise training is warranted.
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